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Abstract
In order to meet emission reduction target, the energy system transitions into higher shares
of renewable energy sources (RES) and the use of conventional power plants is reduced.
The rising share of RES increases the demand for flexibility options in the power grid.
Power-to-gas plants are a much-discussed option that could provide the power grid with
flexibility. Power-to-gas plants can be operated with surplus electricity to feed hydrogen
and methane into the gas grid. In this way, power-to-gas plants contribute to the avoidance
of congestions in the electricity grid. Since power-to-gas plants are intended to feed into
the gas grid, the storage capacity of the gas grid represents a limiting factor for allocating
power-to-gas plants.
The aim of this work is to determine the spatially and temporally resolved installable capacity
of power-to-gas plants at the level of medium voltage (MV) Grid Districts. The installable
capacity is calculated separately for the gas transmission grid and the gas distribution grid.
Regionalization methods and load profiles are used to spatially and temporally resolve the
installable capacity. The potential for feeding hydrogen and methane into the gas grid is
determined in order to allow optimizations for the allocation of power-to-hydrogen plants
and power-to-methane plants.
The integration of the installable capacity into the power grid model electricity Transmission
Grid optimization (eTraGo) allows an optimization of the allocation of the power-to-gas
plants considering the gas grid. The three research questions investigated are: how does
the spatial distribution of the installable capacity of power-to-gas plants affect the allocation
of power-to-gas plants, how does the temporal distribution of the installable capacity of
power-to-gas plants influence the allocation of power-to-gas plants, and what is the impact
of the maximum permitted concentration of hydrogen in the gas grid on the allocation of
power-to-gas plants.
The research questions are answered using six optimization cases. To determine the tem-
poral influence, calculations are carried out for different periods of the year as well as for
the entire year. Optimizations are performed with different permitted concentration of hy-
drogen in the gas grid to determine their impact on the allocation. The influence of the
spatial distribution of the installable capacity of power-to-gas plants is investigated using
all six optimization cases.
The installable capacity of power-to-gas plants per MV Grid District strongly depends on
whether the district includes only the gas distribution grid or also the transmission grid.
The installable capacity of power-to-hydrogen plants feeding into the transmission grid is on
average 860MWel per MV Grid District. But the installable capacity of power-to-hydrogen
plants feeding into the distribution grid is on average 1.5MWel. The same applies to power-
to-methane plants. Therefore, the plants are mainly built for feeding into the transmission
grid. Increasing the maximum allowed hydrogen concentration in the gas grid results in
fewer but larger plants built. In summary, the determined installable capacity of power-
to-gas plants feeding into the gas grid can be used to determine an optimal allocation of




List of Figures vi
List of Tables ix
1 Motivation 1
2 Fundamentals 4
2.1 Power-to-gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Water Electrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.1 Alkaline water electrolysis . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 Proton exchange membrane electrolysis . . . . . . . . . . . . . . . 6
2.2.3 High-temperature water electrolysis . . . . . . . . . . . . . . . . . 7
2.3 Methanation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.1 Chemical Methanation . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.2 Biological Methanation . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.3 CO2 sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3 State of the Art 10
3.1 Power-to-gas in the energy system . . . . . . . . . . . . . . . . . . . . . . 10
3.1.1 Current status of power-to-gas . . . . . . . . . . . . . . . . . . . 10
3.1.2 Network development plan . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Gas grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.1 LKD-EU Data for modelling the gas grid . . . . . . . . . . . . . . 15
3.3 Determining potential feed-in capacities of Power-to-Gas into the German
gas grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.3.1 Literature on regionalization . . . . . . . . . . . . . . . . . . . . . 20
3.3.2 Regionalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.3.3 Temporal resolution . . . . . . . . . . . . . . . . . . . . . . . . . 25
iv
Contents
3.4 Determination of Power-to-Gas plants capacity . . . . . . . . . . . . . . . 26
3.5 Operating strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4 Methodology 29
4.1 Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2 Determination of Power-to-Gas feed-in capacities into the German gas grid 29
4.2.1 Spatial resolution . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.1.1 Transmission grid . . . . . . . . . . . . . . . . . . . . . 32
4.2.1.2 Distribution grid . . . . . . . . . . . . . . . . . . . . . . 32
4.2.2 Temporal resolution . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.2.1 Transmission grid . . . . . . . . . . . . . . . . . . . . . 36
4.2.2.2 Distribution grid . . . . . . . . . . . . . . . . . . . . . . 37
4.2.3 Feed-in capacities of the entire gas grid . . . . . . . . . . . . . . . 38
4.2.4 Determination of Power-to-Gas plant capacity . . . . . . . . . . . 39
4.2.5 Determination of feed-in capacity of hydrogen at industrial sites . . 41
4.3 eTraGo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.1 Optimization method . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4 Integration of Power-to-Gas feed-in capacities into the power grid model
eTraGo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.5 Optimization of the Power-to-Gas plant allocation . . . . . . . . . . . . . 49
5 Results and Discussion 52
5.1 Spatial distribution of the potential capacities of Power-to-Gas plants . . . 52
5.2 Temporal distribution of potential capacities of Power-to-Gas plants . . . . 56
5.3 Optimal allocation of Power-to-Gas plants in Germany . . . . . . . . . . . 60




1.1 Annual share of renewable energy sources in electricity generation in Ger-
many [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 The principle of sector coupling [2] . . . . . . . . . . . . . . . . . . . . . 3
2.1 Schematic design of an alkaline water electrolyzer [3] . . . . . . . . . . . . 5
2.2 Design of a proton exchange membrane electrolyzer [3] . . . . . . . . . . . 6
2.3 Schematic design of a high-temperature electrolyzer [3] . . . . . . . . . . 7
3.1 Power-to-gas plants in Germany according to Thema et al. [4] . . . . . . . 11
3.2 Development of gas demand in different scenarios up to the year 2050 [5] . 12
3.3 Transmission Grid in Germany . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4 Natural gas demand per NUTS-3 region according to Long-term planning
and short-term optimization of the German electricity system within the
European framework (LKD-EU) data set, own illustration [6] . . . . . . . . 18
3.5 Regionalization of information to a higher level of spatial resolution [7] . . 23
3.6 Determination of distribution grid feed-in capacity according to Hüttenrauch
et al. [7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.1 General procedure of determining the feed-in capacit of the German gas grid 30
4.2 Transmission grid procedure . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.3 Distribution grid household procedure . . . . . . . . . . . . . . . . . . . . 33
4.4 Locations of energy-intensive industrial sites in Germany at the level of
NUTS-3 and MV Grid Districts . . . . . . . . . . . . . . . . . . . . . . . 34
4.5 Distribution grid industry procedure . . . . . . . . . . . . . . . . . . . . . 34
4.6 Locations of gas-fired power plants in Germany at the level of NUTS-3 and
MV Grid Districts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.7 Distribution grid power plant procedure . . . . . . . . . . . . . . . . . . . 35
4.8 Distribution grid production procedure . . . . . . . . . . . . . . . . . . . 36
4.9 Power-to-gas plant capacity for methane procedure . . . . . . . . . . . . . 39
vi
List of Figures
4.10 Power-to-gas plant capacity for hydrogen procedure . . . . . . . . . . . . 40
4.11 Planning tool eGo for the optimal grid and storage expansion in Germany di-
vided into the energy system models eTraGo for optimizing the transmission
grid and eDisGo for optimizing the distribution grid . . . . . . . . . . . . . 42
4.12 Schematic steps of eTraGo for the optimization of the transmission grid . . 43
4.13 Electricity grid levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.14 Integration of three additional gas buses into the eTraGo model including a
load and a store per gas bus . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.1 Maximum installable capacity of Power-to-Hydrogen plants per MV Grid
District for feeding-in hydrogen at a maximum concentration of 5 vol.%
into the gas transmission grid . . . . . . . . . . . . . . . . . . . . . . . . 52
5.2 Maximum installable capacity of power-to-gas (PtG) plants feeding hydro-
gen in the distribution grid per MV Grid District with a maximum hydrogen
concentration of 5 vol.% . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.3 Maximum installable capacity of PtG plants feeding hydrogen in the distri-
bution grid per MV Grid District with a maximum hydrogen concentration
of 5 vol.% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.4 Maximum installable capacity of Power-to-Hydrogen plants per MV Grid
District for feeding-in hydrogen at a maximum concentration of 5 vol.%
into the entire gas grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.5 Time series of the installable power-to-hydrogen plant capacity in a MV Grid
District for the transmission grid . . . . . . . . . . . . . . . . . . . . . . 56
5.6 Time series of the installable capacity of a power-to-hydrogen plant feeding
into the distribution grid for a MV Grid District consisting of households
and industrial sites but no gas-fired power plants . . . . . . . . . . . . . . 57
5.7 Time series of the installable power-to-hydrogen plant capacity feeding in
the distribution grid for a MV Grid District consisting gas-fired power plants
over the course of the first week of the year 2035 . . . . . . . . . . . . . . 58
5.8 Time series of the installable power-to-hydrogen plant capacity including
gas transmission grid and distribution grid for a MV Grid District . . . . . 59
5.9 Allocation of grid-oriented power-to-hydrogen plants in Germany; the power
lines are represented by the colored lines; the color bar indicates the loading
of the power line in per unit of the maximum line capacity . . . . . . . . . 61
vii
List of Figures
5.10 Installed capacity and maximum installable capacity of power-to-hydrogen
plants used in a grid-oriented way in Germany . . . . . . . . . . . . . . . 61
5.11 Allocation of power-to-gas plants in Germany, Results optimization case 1 . 62
5.12 Allocation of power-to-gas plants in Germany in optimization case 2 . . . . 64
5.13 Allocation of power-to-hydrogen plants in Germany in optimization case 3 . 64
5.14 Allocation of power-to-hydrogen plants in Germany in optimization case 4 . 65
5.15 Power transmission grid without considering the construction of power-to-
gas plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.16 Allocation of power-to-hydrogen plants feeding into the gas grid and their
installed capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.17 Allocation of power-to-hydrogen plants located at industrial sites and their
installed capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.18 Allocation of power-to-methane plants feeding into the gas grid . . . . . . 68
viii
List of Tables
3.1 Development of gas demand in scenario EUCO30 [5] . . . . . . . . . . . . 13
3.2 Network Development Plan Scenario C 2035 . . . . . . . . . . . . . . . . 14
3.3 Classification of transmission grid pipelines [8] . . . . . . . . . . . . . . . 15
3.4 Classification of NUTS-Levels [9] . . . . . . . . . . . . . . . . . . . . . . 17
3.5 Overview of selected studies . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1 Methods for the regionalization of the gas demand from NUTS-3 to the
level of MV Grid Districts . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2 PyPSA Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3 Parameter for the integration of the PtG plant capacities . . . . . . . . . . 49
4.4 Optimization cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
ix
List of Abbreviations
CHP combined heat and power
eDisGo electricity Distribution Grid optimization
eGo electricity Grid optimization
EHV extra high voltage
eTraGo electricity Transmission Grid optimization
GHG greenhouse gas
GVA gross value added
HV high voltage
LHV lower heating value
LKD-EU Long-term planning and short-term optimization of the German electricity
system within the European framework
LOHC liquid organic hydrogen carriers




RES renewable energy sources
OEP OpenEnergyPlatform
ORC organic rankine cycle
PEM proton exchange membrane
PtG power-to-gas
PyPSA Python for Power System Analysis
TSO transmission system operator
1 Motivation
Climate change is one of the major challenges of our times. Due to human-induced global
warming, the global mean temperature reached approximately 1 ◦C above the pre-industrial
global mean temperature in 2017 and is increasing at 0.2 ◦C per decade [10]. At the climate
conference in Paris 197 countries agreed on limiting the increasing global mean temperature
to well below 2 ◦C above pre-industrial levels [11]. To achieve this, emissions of greenhouse
gases (GHGs) must be reduced.
GHG emissions can be minimized by transforming the fossil fuel-based energy system into
a sustainable energy system without fossil fuels. The fossil fuels are substituted by an
increasing share of RES. In Germany, RES have a share of 17.1% of the final energy
consumption in 2019 [12]. The federal government’s target is to increase the share of RES
in final energy consumption by 60% until 2050 [13].
The introduction of renewable energies has progressed differently in the sectors of electricity,
heat and mobility. Looking at the electricity sector more in detail, the share of power
produced by RES increased over the past 18 years, as shown in Figure 1.1. The rising share
of RES such as wind turbines and photovoltaic systems increases the measures for regulating
the electricity grid. While in 2010 redispatch measures for 306GWh were required, in 2017
over 20 000GWh needed to be redispatched to eliminate network bottlenecks [14]. Also
when looking at the curtailment of RES it becomes apparent that due to a rising share of
RES a flexible electricity grid is required. In 2019, over 6000GWh of power generated by
RES had to be curtailed [15], and it is estimated to increase up to 12 000GWh by 2030
[16]. The federal government plans to expand the use of RES so that 80% of electricity
is produced from RES in 2050 [13]. The integration of RES into the sectors of heat and
mobility is currently not as progressed as in the electricity sector. The share of RES of
final energy consumption reached in electricity sector 42.1%, heat 14.5% and mobility
5.6% in 2019 [12]. Due to these differences, the potential of saving GHG emissions and
decarbonizing in the sectors heat and mobility is higher than in the electricity sector.
The more volatile RES are added to the energy system the more flexibility is required in
1
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Figure 1.1: Annual share of renewable energy sources in electricity generation in Germany [1]
the electricity grid. To ensure this, several options are available such as conversion and
expansion of the power grid, additional energy storage facilities, demand side management
and measures on the generation side [17].
A much-discussed measure for providing flexibility to the electricity grid is sector coupling.
Sector coupling is the networking of the electricity, heat, mobility and industry sector. The
sectors are no longer considered separately, but optimized as part of the overall system.
Figure 1.2 shows the principle of sector coupling [2]. Power generated from RES is used
to decarbonize the industry, residential and transport sector. In the process, electricity can
be used directly or indirectly. A direct use of electricity is realized through power-to-heat
technologies such as heat pumps and battery electric vehicles can be used in the transport
sector. The indirect use is represented by power-to-gas plants. Power-to-gas plants such
as electrolyzers and methanation plants convert the electrical energy into hydrogen and
methane. In this way, the energy can be stored in the gas grid and used a later time.
Power-to-gas technologies offer the possibility to produce green fuels to save GHG emissions
in industry, heat, and mobility sectors.
Both the electricity grid’s demand for flexibility and the gas grid’s feed-in capacity are dis-
tributed differently from region to region and vary over time. Both factors have a decisive
influence on the allocation of power-to-gas plants. In order to determine an optimal allo-
cation of power-to-gas plants in Germany, the spatially and temporally resolved installable
2
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Figure 1.2: The principle of sector coupling [2]
capacity of power-to-gas plants feeding into the gas grid is determined in this work. Using
the determined installable capacity of power-to-gas plants, the following research questions
are answered:
How does the spatial distribution of the installable capacity of power-to-gas plants influence
the allocation of power-to-gas plants?
How does the temporal distribution of the installable capacity of power-to-gas plants influ-
ence the allocation of power-to-gas plants?
What is the impact of maximum permitted concentration of hydrogen in the gas grid on




The increase of weather-dependent RES requires different flexibility options, under which
power-to-gas is a much-discussed option as long-term storage and sector coupling option [8].
PtG links the electricity and the gas grid through conversion of electricity into hydrogen
(H2) or methane (CH4). Electrolyzers are used to convert electricity in hydrogen. In
an additional process called methanization, hydrogen is converted into methane. These
products can be utilized directly in industry or fed into the gas grid. In the following
subsections electrolysis and methanization are described shortly.
2.2 Water Electrolysis
An electrolyzer is composed of two electrodes, an electrolyte and a diaphragm. An electrical
potential between the electrodes is used to split water in hydrogen and oxygen. The chemical
reaction of water electrolysis is described by Equation 2.1.




Applying a direct current produces hydrogen at the cathode and oxygen at the anode [18].
The electrolyte is capable of conducting ions, which allows an electric flow between the
electrodes. The electrodes are separated by an electric isolator in order to avoid a flammable
mixture of the product gases. Electrolysis is an endothermic process and its enthalpy of
reaction is composed of an electric and a thermal part. Thus, the proportion of electrical
energy to be supplied decreases with increasing process temperature. Energy demand for
heat has to be considered [19]. There are three main water electrolysis technologies, which
can be distinguished by their electrolyte. The three types are alkaline water electrolysis,
4
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proton exchange membrane (PEM) electrolysis, and high-temperature electrolysis. In the
following subsections their characteristics are described.
2.2.1 Alkaline water electrolysis
In alkaline water electrolysis potassium hydroxide (KOH) with a concentration of 20wt.% to
40wt.% performs as electrolyte [19]. A gas-tight diaphragm allows transport of hydroxide
ions (OH−) and avoids mixture of evolving gases. The porous electrodes are usually made
of nickel and mounted directly on the diaphragm [20].
Figure 2.1: Schematic design of an alkaline water electrolyzer [3]
The schematic design of an alkaline water electrolyzer is shown in Figure 2.1. Applying a
direct current produces hydrogen at the cathode according to reaction 2.2 and oxygen at
the anode according to reaction 2.3 [19].
2H2O(l) + 2e
− → H2(g) + 2OH− (2.2)
2OH− → 1
2
O2(g) +H2O(l) + 2e
− (2.3)
The operating temperatures of alkaline water electrolysis are in the range of 70 ◦C to 90 ◦C
and the current densities are in a range of 0.3A cm−2 to 0.5A cm−2 [20]. According to [18]
the median of alkaline electrolysis efficiencies in literature is 67% and in established projects
5
2 Fundamentals
68%. The nominal power of the electrolysis is denoted in the following by PN . Even though
alkaline water electrolysis is slower in terms of dynamics than PEM electrolysis, a dynamic
load change rate of 10% PN/s is fast enough for grid applications. In terms of minimal
part-load capability in literature is shown that alkaline water electrolysis is limited to 20%
to 40% PN . Thus, using alkaline water electrolysis a stack efficiency of up to 67% can
be achieved. Alkaline water electrolysis modules achieve a capacity of up to 2.5MWel and
operating pressures up to 30 bar.
2.2.2 Proton exchange membrane electrolysis
PEM electrolysis consists of a proton-conducting polymer membrane, which is used as elec-
trolyte and diaphragm. The electrodes are directly connected to the membrane. Figure 2.2
shows the schematic design of a PEM electrolyzer.
Figure 2.2: Design of a proton exchange membrane electrolyzer [3]
The process of electrolysis is described by the following Equations. The reactions at cathode
and anode are defined by Equation 2.4 and Equation 2.5. As in alkaline electrolysis, the
hydrogen is produced at the cathode and oxygen is produced at the anode [19].
2H+ + 2e− → H2 + 2OH− (2.4)







Proton exchange membrane electrolysis is operated at temperatures around 80 ◦C [3]. The
PEM electrolysis is capable of high current densities of 0.5A cm−2 to 2A cm−2 as well as
low part-loads of 0% to 5% PN . While the cell efficiency is similar to that of alkaline
electrolysis the stack efficiency is lower. PEM electrolyzers are only available on a small
scale and provide hydrogen at pressures up to 100 bar [3].
2.2.3 High-temperature water electrolysis
High-temperature water electrolysis is still at the stage of research. Solid oxide, which
consists of yttrium oxide-stabilized zirconium oxide, is used as the electrolyte. The elec-
trolyte conducts O2− ions. The design of a high-temperature water electrolyzer is shown
in Figure 2.3.
Figure 2.3: Schematic design of a high-temperature electrolyzer [3]
The reaction at the cathode is given by Equation 2.6. The anode reaction is defined by
Equation 2.7.
H2O + 2e





For the electrolysis steam is used instead of water at an operating temperature around
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700 ◦C to 1000 ◦C. A water-splitting reaction at high temperatures leads to the advantage
of high-temperature water electrolysis, the thermodynamic effect. The electric efficiency
is defined as the ratio of chemically bound energy output to electric input. Due to the
thermodynamic effect a part of the required enthalpy can be provided by high-temperature
heat instead of electric energy. Thus the electric efficiency can exceed 100%.
2.3 Methanation
In an additional process synthetic methane can be produced by methanation. The advantage
of methane over hydrogen is the possibility of unrestricted use of the natural gas grid. There
are two types of methanation, which are explained in the following subsections.
2.3.1 Chemical Methanation
Chemical methanation is also known as Sabatier process. The process is composed of a
water-gas shift reaction and the methanation which are given by Equation 2.8 and Equa-
tion 2.9 [19].
H2 + CO2 → CO +H2O (2.8)
3H2 + CO → CH4 +H2O (2.9)
4H2 + CO2 → CH4 + 2H2O (2.10)
To decrease the needed reaction temperature nickel- and ruthenium-based catalysts are
used. The operating temperature of chemical methanation is in the range of 200 ◦C to
600 ◦C. The operating temperatures below 200 ◦C must be avoided to prevent the formation
of catalyst poison [19]. The process is operated at pressures of 1 bar to 100 bar [18]. The
efficiency of the process is limited to 83% because 17% of the chemical energy of hydrogen
is released as heat [3]. The process efficiency can be increased by using the heat in the
process [19]. The excess heat can be used to supply steam in case of using high-temperature
electrolysis, to supply heat for internal processes and to generate power using organic rankine
cycle (ORC) process. Another option for excess heat usage is the integration of a heat sink




In biological methanation microorganisms are used. The process is operated at temperatures
of 40 ◦C to 60 ◦C and pressures of 1 bar to 3 bar [19]. There are two different procedures
for biological methanation. Processes with an additional reactor for methanation are called
ex-situ. In an in-situ process the methanation takes place in the bioreactor. Using this
procedure the yield of the bioreactor should be increased because additional hydrogen is
reacting with excess CO2 [18].
2.3.3 CO2 sources
Carbon dioxide (CO2) is required for methanation. Basically, CO2 sources can be classified
by their origin into the categories of green carbon and black carbon. Green carbon comes
from climate-neutral sources where the CO2 cycle is closed and no fossil CO2 is released to
the atmosphere. On the other hand, black carbon releases fossil CO2. Examples of green
carbon sources for CO2 are atmospheric CO2 using separation from air via electrodialysis
or adsorption, and biogenic CO2 using separation from biogas. Another source for green
carbon is CO2 recycling, which means the combustion of climate neutral gas and subsequent
separation from flue gas and reuse of CO2. An example for black carbon source is fossil
CO2, which is separated from flue gases of power plants and production sites of cement
and steel [19].
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3.1 Power-to-gas in the energy system
In principle, the possible applications of PtG plants as sector coupling element can be sum-
marized as: using excess electricity from RES, contribution to system stability, supply of
green fuels for decarbonizing mobility, heat, and industry sector, and reduction of electricity
network expansion through continued use of existing gas network infrastructure [21]. In the
gas market, PtG can compensate for declining European gas production and ensure inde-
pendence from imports [8]. Although PtG is not yet competitive today, it could contribute
to stabilizing and decarbonizing the German energy system in the future [22].
3.1.1 Current status of power-to-gas
Currently 153 projects in 22 countries regarding PtG are completed and planned since
1988 [4]. Most of the projects are located in Europe and Germany has the highest share.
More than half of all projects focus on hydrogen production. Most electrolyzers used in
the projects are PEM electrolyzers and alkaline electrolyzers. Only a small percentage
use high-temperature electrolyzers. And looking at methanation half of the projects are
using biological methanation and the other half are using chemical methanation process.
Figure 3.1 shows the allocation of realized power-to-gas plants in Germany. A distinction is
made between the product gases hydrogen, methane, chemical feedstock and liquid organic
hydrogen carriers (LOHC). Product gases are injected into the gas grid in 45% of the
projects. The share of feeding in methane is higher than of hydrogen. In 2019 most of the
installed PtG plants are located in Germany with a total installed power of 30.7MWel. Over
the past years the average plant size has been rising. The average plant size of methanation
is 380 kWel per facility and the average electrical power of an electrolyzer is 430 kWel.The
total average plant size of both technologies is 407 kWel and is estimated to increase up to
0.7MWel by 2050.
10
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Figure 3.1: Power-to-gas plants in Germany according to Thema et al. [4]
Investment costs of PtG technologies are expected to decrease. Nowadays average costs of
alkaline electrolyzers are about 1300e/kWel. It is estimated that the costs decrease below
500e/kWel by 2050. The costs for PEM electrolyzers will decrease from 1900e/kWel to
500e/kWel by 2050 and the costs for high-temperature electrolysis are expected to fall
from 3570e/kWel in 2017 to 535e/kWel by 2050 [4]. The cost reduction for chemical
and biological methanation is estimated to decrease from 1230e/kWel to 130e/kWel to
400e/kWel for chemical methanation and from 1980e/kWel to 200e/kWel to 400e/kWel
for biological methanation by 2050 [23]. Other sources state a decrease of hydrogen elec-
trolyzer costs to 350e/kWel and the costs of methanation plants to 750e/kWel by 2030
[24].
3.1.2 Network development plan
The federal government passed the climate protection law in 2019, which set aims for each
sector to reduce GHG emissions until 2030. In addition to increasing energy efficiency, the
changeover to RES plays a particularly important role. In building, transport and industry
sectors, only a few RES are used directly such as solar thermal energy or biogenic fuels.
Heat pumps, electromobility or PtG are technologies which indirectly draw on RES through
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the use of electricity and can benefit from the high share of RES in electricity sector.
Since comparatively emission-free energy can be generated easily and efficiently within the
electricity sector, the electricity sector thus plays a key role in decarbonization the other
sectors. Despite the measures taken to increase energy efficiency, electricity demand is
expected to rise in the future, especially due to the coupling of the electricity sector with
other sectors.
The network development plan for gas examines, among other things, the future develop-
ment of gas demand [5]. Figure 3.2 shows the development of gas demand according to
various scenarios up to 2050. The y-axis indicates the change in gas demand in relation
to gas demand of the year 2017. Many scenarios show a decrease in gas demand due to
increasing efficiency and substitution effects.
Figure 3.2: Development of gas demand in different scenarios up to the year 2050 [5]
For this work, the EUCO30 scenario is discussed in more detail. In this scenario, it is
assumed that the 30% efficiency target is achieved and that the EU GHG reduction target
is met. The gas demand trend for scenario EUCO30 is shown in Table 3.1. A reduction in
gas demand can be observed in the industry and household sectors. Despite an increase in
gas demand in the transport, non-energetic use of gas and conversion sector, the total gas
demand decreases by 20% till 2030.
The network development plan describes four different scenarios. In the following, scenario
C 2035 will be addressed. This scenario assumes the advancing transformation of the elec-
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Table 3.1: Development of gas demand in scenario EUCO30 [5]
Gas demand Unit 2017 2020 2025 2030
Industry [TWh Hs] 261 261 222 204
Households [TWh Hs] 394 393 354 313
Transport [TWh Hs] 2 3 4 8
Non-energetic [TWh Hs] 38 39 40 40
Conversion sector [TWh Hs] 274 284 312 329
tricity sector. Sector coupling and the grid-oriented deployment behavior of producers and
consumers play a decisive role. Compared with the other scenarios for 2035 of the network
development plan, scenario C 2035 has the highest share of gross electricity consumption
of RES with approximately 77%.
PtG plants are differentiated into Power-to-Hydrogen and Power-to-Methane plants. Syn-
thetic methane from Power-to-Methane plants is identical in substance to natural gas and
can be integrated into the gas infrastructure. However, the Power-to-Methane process
chain includes the additional step of methanation, which reduces the efficiency compared
to Power-to-Hydrogen. Therefore, an economical operation is more difficult to achieve
than with Power-to-Hydrogen. Hydrogen can be used materially and energetically. High
hydrogen demand is expected in industrial sectors such as the chemical industry and steel
industry. In the chemical industry hydrogen is used to produce other chemicals, like in
ammonia synthesis. In the steel industry hydrogen can replace coke as a reducing agent
in the refining of iron, which would be associated with a considerable reduction in GHG
emissions. The hydrogen demand in the industry sector is estimated at 78.5TWh in 2035
[25]. The energetic use of hydrogen offers a high potential for decarbonizing the mobility
sector using fuel cells. In order to substitute natural gas, hydrogen can be fed into the gas
infrastructure.
The capacities planned for the expansion of PtG plants and the assumed full load hours are
shown in Table 3.2. The scenario C 2035 states that a part of the hydrogen supply will be
provided by electrolyzers with a total capacity of 4.5GW, located directly at the industrial
sites. In addition, it is assumed that additional electrolyzers will be built, which will operate
primarily on a grid-oriented basis. To avoid congestions in the transmission grid, a total
capacity of 3GW is provided using these grid-oriented electrolyzers. The German national
hydrogen strategy states that up to 5GW total electrolyzer capacity will be established by
2030 [26]. In the case of Power-to-Methane, it is assumed that 0.5GW total capacity of
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Power-to-Methane plants will be built by 2035.
Table 3.2: Network Development Plan Scenario C 2035
Power-to-Gas PtG capacities full load hours
[GW] [h]
Power-to-Hydrogen at industrial sites 4.5 3500
Power-to-Hydrogen grid-oriented 3 1500
Power-to-Methane 0.5 1000
Most of the plants produce hydrogen for the local demand of industrial sites and due to the
high investment cost of electrolyzers, a design of the plants to high full load hours is reason-
able. The use of hydrogen storage tanks allows for flexible operation of the electrolyzers.
In total, the network development plan states an operation with 3500 full load hours. Elec-
trolyzers used for grid-oriented operation are feeding directly into the natural gas grid. Due
to this, there is competition with the costs of conventional gas. These electrolyzers are only
used in low electricity prices or congestions in the transmission grid. Therefore, grid-oriented
operating electrolyzers are expected to operate at 1500 full load hours. Power-to-Methane
plants compete with conventional natural gas supply and therefore are only used at very low
electricity prices. This leads to the assumption that power-to-methane plants are operated
at 1000 full load hours per year.
As PtG plants represent the link of electricity and gas grid by converting electricity to
hydrogen (H2) or methane (CH4), they can operate to support the stability of both grids.
Many factors influence the potential for PtG plants. One of the influence factors is the gas
grid and the possibility to feed-in additional gas produced by PtG plants.
3.2 Gas grid
The distribution of PtG plants is significantly influenced by the capacity of the natural
gas grid. The German gas network has a total length of 511 000 km. The pipeline systems
enable the distribution, transport and safe delivery of the required quantities of gas over long
distances at any time for buildings and households, industry and commerce, and the mobility
sector throughout Germany. In addition, large quantities of gas are transported via German
territory to other EU countries. In this way, the gas infrastructure contributes significantly
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to trans-European networking and to ensuring EU-wide system stability. The network can
be divided into a transmission grid using high pressure pipelines and a distribution grid that
transports the gas to the end consumer. The transmission grid is distinguished by diameter
and pressure into six classes (A-F). The maximum transport capacity of a pipeline results
from the assignment of a pipeline to pipeline classes, as shown in Table 3.3.
Table 3.3: Classification of transmission grid pipelines [8]
Class Pressure Diameter Transport capacity Upper boundary
[bar] [mm] [GWhth/d] [MW]
A 100 x ≥ 1000 1275− 436 53125
B 25− 100 700 ≤ x < 1000 159− 399 16625
C 25− 63 500 ≤ x < 700 111− 179 7458
D 25 350 ≤ x < 500 20− 54 2250
E 16− 25 200 ≤ x < 350 9− 22 917
F 63 100 ≤ x < 200 6 250
The German gas grid offers a total gas storage potential of 130TWhth for natural gas [27].
There is an upper limit for the supply of hydrogen into the gas grid, which results from the
downstream applications. For the existing natural gas infrastructure a maximum permitted
hydrogen concentration of 5 vol.% is assumed [7] [28]. But the raising of the maximum
permitted hydrogen concentration in the natural gas grid up to 15 vol.% is discussed [7].
Assuming a volume fraction of 5% hydrogen, the storage potential for hydrogen in gas grid is
about 15TWh [28]. The influence of a rising maximum permitted hydrogen concentration
should also be investigated. The allocation and size of PtG plants may be affected by this
restriction. Therefore, a high spatial resolution is required to represent the influence of the
restriction.
3.2.1 LKD-EU Data for modelling the gas grid
As part of the LKD-EU research project, a data set of the German electricity, heat, and
natural gas sectors was developed. This data set aims to document the status quo of the
German energy sector.
The following paragraphs focus on the data related to the gas sector. The data set gives
information on the natural gas transmission grid, natural gas demand, natural gas supply,
and natural gas storage in Germany. The data on the natural gas transmission grid is
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mainly based on the 16 transmission system operators (TSOs) in Germany. Data provided
by TSOs differs with respect to quality and extent of technical details. The pipeline system
is modeled using the directed graph theory. The pipelines are divided into the six classes
of Table 3.3 according to pressure and diameter. The maximum transport capacity of
each pipeline class is estimated using the nominal pipeline pressure and diameter and can
be interpreted as the upper bound for real-world transport capacities. The total length
of modeled pipelines amounts to 32 075 km and is lower than the length of 36 843 km
documented by TSOs. Reasons for the deviation of modeled pipelines are neglecting curves
of pipelines and parallel pipelines that are modeled as a single pipeline. Figure 3.3 shows
the transmission grid using the data of LKD-EU.
Figure 3.3: Transmission Grid in Germany
Spatial reference units are used to break down geographical data to higher spatial resolution.
The NUTS-System (French Nomenclature des unités territoriales statistiques) refers to a
hierarchical system for the unique identification and classification of the spatial reference
units of official statistics in the European Union member state. While NUTS-1 describes
the level of countries, NUTS-2 describes the level of federal states. A NUTS-3 area is
characterized by the number of inhabitants in a specific region and is defined by a minimum
number of 150 000 inhabitants and an upper bound of 800 000 inhabitants. Table 3.4
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provides an exemplary classification of German regions.
Table 3.4: Classification of NUTS-Levels [9]
Region Name of region NUTS-Level
Country Germany NUTS-0
Federal state Hessen NUTS-1
Governmental district Kassel NUTS-2
County Schwalm-Eder-Kreis NUTS-3
Data on natural gas demand is given in a spatial resolution in NUTS-3 regions. Both a
top-down and a bottom-up approach were used to resolve the total natural gas demand. In
a top-down approach the specific information is disaggregated from a level with low spatial
resolution to a more geographically detailed level using certain rules and methods. This
process is also called regionalization. In contrast, a bottom-up approach starts on a level
with higher resolution and summing the information of each part to get information of the
total geographical area [6]. The natural gas demand can be divided into different sectors.
In this data set the gas demand is divided into the sectors industry, heat, and the demand
of natural gas power plants. The transport sector is neglected due to low share of natural
gas demand. The data is clustered according to regions using the NUTS-3 level. Figure
3.4 shows the natural gas demand of each sector per NUTS-3 region. In the following
paragraphs, the sector-specific determination of the spatial resolution at NUTS-3 level is
discussed.
The industry sector is divided into eight energy-intensive branches such as chlorine, food,
tobacco, glass, ceramics, paper, steel and aluminum. The allocation of the gas demand to
NUTS-3 regions follows a top-down approach. The sector-specific gas demand is distributed
to NUTS-3 regions according to the number of firms per region. Figure 3.4a shows the gas
demand of the industry sector on NUTS-3 level.
The natural gas demand for electricity generation is given for NUTS-3 regions using the
location of gas-fired power-plants. The gas demand is shown in Figure 3.4b.
The natural gas demand for heating is also given on NUTS-3 level in this data set. The gas
demand of the heat sector is significantly driven by households. The technologies for the
provision of heat vary from household to household. In addition, the heat demand and thus
also the gas demand depends on the building structure. The spatial resolution is calculated
using regional structures of buildings and heat technologies. Figure 3.4c shows the spatially
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(a) Industry sector (b) Power plant sector
(c) Household sector
Figure 3.4: Natural gas demand per NUTS-3 region according to LKD-EU data set, own
illustration [6]
resolved gas demand of the heating sector. In the LKD-EU study, the determined data
on gas demand for heating is compared to public information for all federal states on gas
demand for heating. Comparing the data sources shows that the approach overestimates
the residential natural gas demand. One reason might be the higher share of buildings that
are supplied by district heating [6].
The approach of modeling the gas demand is limited because it requires a range of as-
sumptions and simplifications. First, it focuses on the sectors industry, heat, and electricity,
while it neglects transportation. Also, combined heat and power (CHP) plants producing
heat and power simultaneously are not considered. Industrial processes that use natural
gas both as raw material and as an energy source are neglected. In the heating sector,
the focus is on private households, while public buildings are underrepresented. In the in-
dustry sector, the allocation of industrial natural gas demand focuses on energy-intensive
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industries. Remaining gas demand by industry is distributed using a simplified approach of
using gross value added (GVA) as a distribution key. This could lead to distortion in urban
areas.
Data on natural gas production in Germany is also given in a spatial resolution on NUTS-3
level. In this data set shale gas exploration is not considered because it is forbidden in
Germany and the production costs can not compete with conventional natural gas. Biogas
is not taken into account as well because most biogas is used to produce heat and power
in CHP plants and only a small number of biogas plants is injecting into the gas grid.
Additionally, the share of biogas from the total natural gas demand was only 1.5% by
2015.
There are limitations of this data set and approaches concerning the natural gas system.
Data provided by the TSOs consists of limited details of technical features. Capacities of
transmission grid pipelines are calculated based on assumed pressure and diameter infor-
mation. The transport sector and losses of the gas grid are neglected in the determination
of gas demand. For the gas production biogas is not considered in this data set [6].
3.3 Determining potential feed-in capacities of
Power-to-Gas into the German gas grid
One of the influence factors of allocating PtG plants is the possibility of feeding-in additional
gas produced by PtG plants. One of the main objectives of this work is determining the
potential of the German gas grid as storage for gas produced by PtG plants in a high
spatial and temporal resolution. The high spatial and temporal resolution enables a precise
allocation of PtG plants by taking into account the local conditions of the gas grid. The gas
injected by PtG plants into the gas grid substitutes the natural gas. Hence, the potential can
be determined in two ways. The potential can be determined by calculating the transport
capacity of the pipelines using their dimensions. Likewise, the potential can be determined
by calculating the gas demand covered by PtG plants instead of by conventional gas. A
top-down or a bottom-up approach can be used to determine the demand.
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3.3.1 Literature on regionalization
In this work, six main studies are reviewed and utilized for the development of spatially
and temporally resolved feed-in capacities: von Roon et al. [29], Hüttenrauch et al. [7],
Estermann et al. [30], Moser et al. [21], Michaelis et al. [31], and Kunz et al. [6]. Table 3.5
provides a summary of the studies on regionalization selected for review.
Von Roon et al. [29] investigate the demand of gas produced by PtG plants. Regionalization
factors are derived to identify attractive regions with regard to the respective location factor.
The study addresses location factors such as spatial distribution of hydrogen demand,
existing PtG plants and biogas plants. In this study, a spatial resolution of NUTS-3 areas
is considered. For determination of hydrogen demand the industry and transport sector are
taken into account.
In the study of Hüttenrauch et al. [7] the advantages of coupling electricity and gas sector
are investigated. The potential for storing and distributing RES by combining electricity
and gas grids is determined. This is done by modeling both grids. In this study, the gas
demand and the resulting potential for power-to-gas plants are determined on a NUTS-3
level. Regionalization methods are developed for the sectors industry, private households,
power plants, and commerce, trade and services. In addition, methods are used for high
temporal resolution on an hourly basis. Operating strategies for integrating PtG plants into
the energy system are discussed.
Estermann et al. [30] investigate the theoretical potential of power-to-heat and power-to-
gas plants in Germany for substituting conventional energy sources. In this study region-
alization rules are developed to distribute the resulting potentials on NUTS-3 level. The
potential is determined within the framework of various scenarios. To determine the po-
tential of PtG plants the sectors industry, private households, power plants and commerce,
trade and services are considered. Operating strategies of PtG plants are derived.
The purpose of Moser et al. [21] is to estimate the installation potential of PtG plants in
the German electricity- and gas distribution grid. For this, the feed-in capacity of the gas
distribution grid is investigated. In contrast to the studies mentioned above, a bottom-
up approach is applied. Thus, the feed-in capacity is determined on spatial resolution of
counties, which is a higher resolution than NUTS-3 level, and aggregated to Germany’s
total capacity. Also, an hourly temporal resolution is used.
Michaelis et al. [31] investigate the limitation factors of integrating PtG plants into the
20
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energy system. For this, economic and regulating factors are discussed. Three operation
strategies for PtG plants are explained, which allow integration. Important location condi-
tions for PtG plants that impact economic operation, such as limits for feeding-in hydrogen
into the gas grid, are discussed.
The purpose of the LKD-EU study is to compile a data set for describing the electricity,
heat and gas sector. Thus, the objective is to document a data set representing the status
quo of the German energy sector. The data set is given in a spatial resolution on NUTS-3
level. For determining the natural gas demand the sectors industry, private households and
power plants are considered. The spatial resolution is created using regionalization methods
for each sector. Additionally, the data is temporally resolved on an hourly basis. In the
following subsections the different regionalization methods are discussed in detail.
3.3.2 Regionalization
In order to determine the feed-in potential of the German gas infrastructure, transmission
and distribution grids need to be considered separately. The gas demand in high spatial
resolution is used to determine feed-in capacity of the distribution grid. The underlying
assumption here is that, due to the low storage capacity of the distribution grids, green
fuels can only be injected in the amount of the gas demand [7]. Basis for determining the
potential of PtG plants injection into the gas grid is the regionalization of gas demand.
Regionalization is the distribution of information from a geographic unit with low spatial
resolution to one with high spatial resolution, as shown in Figure 3.5
For the gas demand in distribution grids are the relevant sectors households, commerce,
trade and services, industry and transport. The gas-fired power plants in the transformation
sector are in most cases connected to the transmission grid [7]. The starting point is gas
consumption in Germany given by sectors. For the determination of feed-in capacities of
gas produced by PtG plants, the natural gas demand in high spatial resolution is needed.
The reviewed studies use different methods to generate natural gas demand data in different
spatial resolutions. Additionally, these studies focus on different sectors. Regionalization
methods for the sectors industry, private households, power plants, transport and com-
merce, trade and services are considered. The following subsection discusses methods for
regionalizing the various sectors.
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Figure 3.5: Regionalization of information to a higher level of spatial resolution [7]
Regionalization of feed-in capacities in the industry sector
For a regionalization of the industry sector, it is first divided into subsectors according
to economic activity. In this way, a distinction between energy-intensive industries such
as the chemical industry and non-energy-intensive industries such as the food industry is
possible [7]. Also a classification according to the use of hydrogen in the industry is useful.
A distinction between the non-energetic and the energetic use of hydrogen makes sense
here. Non-energetic use describes the use as a raw material for the production of goods
and products and energetic use describes the usage as an energy supplier. Four areas of
application for the non-energetic use of hydrogen are distinguished [29]: refineries, methanol
production, ammonia production and other. Regionalization of non-energetic hydrogen
consumption at NUTS-3 level is achieved by assigning each county a percentage that
corresponds to the share of hydrogen consumption in the region [29]. In this way, 100% of
Germany’s previously recorded material hydrogen consumption is distributed to counties. In
von Roon’s study [29], the proportions are drawn up with the aid of the European hydrogen
atlas. The industrial energetic hydrogen consumption can be distinguished into 14 economic
subsectors. The decisive factor for the subdivision is the classification according to NACE
WZ 2008 [32]. As a distribution key for regionalization to the higher spatial resolution the
number of compulsory social security employees per economic sector is recommended by
[7], [29] and [30]. In addition, energy intensity is taken into account by [29] to reduce
23
3 State of the Art
inaccuracy due to administrative industry sites with high employment figures. The study
of Hüttenrauch et al. [7] additionally focus on the locations of different energy-intensive
industrial sites by performing a manual survey.
Regionalization of feed-in capacities in transport sector
Hydrogen demand in transport sector can be divided into demand of different vehicles
such as passenger cars, light commercial vehicles, trucks, rail transport, air transport and
inland shipping. In the study by von Roon [29], different methods for regionalization are
elaborated. For regionalization of the subsector passenger cars the number of registrations
is used. In the case of light commercial vehicles the population density is taken into account
and the subsector trucks is spatially resolved using traffic counts. Rail transport and air
transport are regionalized using non-electrified rail lines and locations of airports. Inland
shipping can be spatially resolved by locations of inland ports. Other studies state that
the estimation of the development of hydrogen mobility is subject to comparatively high
uncertainties. Hydrogen mobility is depending on further development of battery electric
vehicles as they are competing technologies [30]. In the study of Estermann et al. [30],
transport sector is neglected due to the uncertainties that make reliable statements difficult.
Nevertheless, it is recommended to closely monitor the development of hydrogen mobility
because political decisions or technological advances can act as drivers and increase the
hydrogen demand on a relevant scale [30]. In determination of the regionalized natural gas
demand the transport sector is not taken into account by Hüttenrauch et al. [7] due to low
influence on hourly demand.
Regionalization of feed-in capacities in household sector
The natural gas demand of the household sector is decisively influenced by the supply of
space heating and preparation of hot water [30]. While preparation of hot water is used
throughout the year, space heating is only required when the outdoor temperature falls
below a building-specific level. Thus, space heating is affected by outdoor temperature,
structure, age and type of the building and the heating technology. Hence, a distribution
key for the private household sector results from the parameters number of building types,
number of apartments, population, hot water consumption, heating technology and climate
factor [7].
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Regionalization of feed-in capacities in power plants sector
The natural gas demand of the electricity sector can be spatially resolved using the locations
of natural gas power plants. In the study of Estermann et al. [30] regionalization is carried
out on the basis of the consumption of power plants. Additionally, the composition of the
power plant fleet can be taken into account [7].
Regionalization of feed-in capacities in commerce, trade and services
Gas demand in the sector commerce, trade and services is mainly used for space heating.
Thus, decisive parameters are the area, structure, age and type of building [7]. A subdivision
of the sector into more detailed economic sectors allows a more accurate representation of
the natural gas demand based on employees per economic sector [7], [30]. In the study of
Hüttenrauch et al. [7], the regional highly resolved gas demand for commerce trade and
services sector results from a distribution key consisting of the parameters building area,
structure, age and type of building and employees per economic sector.
3.3.3 Temporal resolution
In order to design precisely dimensioned PtG plants, the temporal variation of the gas
demand must be taken into account. The determination of year-round available feed-in
capacities of the gas grid is necessary to increase the number of full load hours of the PtG
plants and enable the long-term planning of the plant deployment. These capacities of the
natural gas grid can relieve the electricity grids [7]. Spatially and temporally resolved gas
demand of the sectors industry, private households and commerce, trade and services can
be achieved using sector-specific load profiles and regionally resolved hourly temperature
data [7]. The assumption can be made that the load profiles of a sector do not differ
regionally [7]. When considering the industry sector each economic sector can be tem-
porally resolved using a sector-specific load profile. This takes into account consumption
fluctuations over the course of the day as well as weekday factors. The regional hourly gas
demand of the residential sector is mainly due to space heating and thus depends on the
outdoor temperature [7]. Space heating is provided when the temperature falls below the
building-specific limit temperature. According to Hüttenrauch et al. [7] a distribution key
to generate a temporally resolved gas demand in the residential sector takes into account
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temperature data and regional characteristics of the building structure. For the determina-
tion of the future gas demands in the residential sector, the simplified assumption can be
made that the temperature profile is comparable to today. Thus, the temperature-related
gas demand behaves similarly [7].
3.4 Determination of Power-to-Gas plants capacity
The feed-in capacities for each sector determined in the previous subsection are summed to
obtain the total feed-in capacity into the German gas grid. In the study of Estermann et. al
[30] it is assumed that no additional storage facilities are integrated and the gas produced
in each geographical unit is consumed locally. A similar assumption is made by Hüttenrauch
et al. [7]. Thus, the natural gas production is subtracted from the natural gas demand of
the region. The residual load obtained represents the potential for the integration of gas
produced by PtG plants [7], as shown in Figure 3.6.
Figure 3.6: Determination of distribution grid feed-in capacity according to Hüttenrauch et
al. [7]
While capacities for feeding-in methane into the gas grid correspond to the residual load
gas demand, the admixture of hydrogen is limited to a maximum permissible hydrogen con-
centration. The limit for the admixture of hydrogen depends on the components connected
to the natural gas grid. Due to combustion characteristics, an admixture of up to 10 vol.%
is considered uncritical [30]. For many components in the gas infrastructure hydrogen con-
centrations of 10 vol.% are harmless, whereas natural gas tanks in vehicles must not exceed
2 vol.% [16]. A maximum hydrogen concentration of 5 vol.% is assumed for the gas grid
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in Hüttenrauch et al. [7]. Consideration of the maximum hydrogen concentration provides
feed-in capacity of hydrogen into the German gas grid.
The regionalized feed-in capacities for hydrogen and methane can be used to determine the
installable capacity of PtG plants. Here, the feed-in capacities describe the output power of
the PtG plants in terms of the thermal energy value of the produced gas. For recalculating
the electrical load the efficiencies are taken into account [30], [7].
In the study of Estermann et al. [30] the minimum gas demand is used to determine the
capacity of the PtG plants. A design of the PtG plants for the hourly value of the maximum
gas demand leads to the fact that the plants run exclusively in partial load operation over
the course of the year [7]. Since the feed-in capacities are determined based on the gas
demand, the summer nights represent a limiting factor. Here, the minimum gas flow is
reached due to the low heating demand. For this purpose, it is suggested to evaluate the
time series of the feed-in capacity with regard to the minimum daily mean value and derive
the capacity of the PtG plant from it [7].
A different approach to determine the capacities of PtG plants is carried out by Moser
et al. [21]. First, the feed-in capacities into the German distribution grids for hydrogen
and methane are investigated using a bottom-up approach. The capacities of nine gas
distribution grids ranging from villages and small towns to large cities are determined and
assigned to specific categories from clusters. The available capacity of the gas grid to
feed-in hydrogen or methane from PtG plants is limited by the minimum load occurring in
the off-peak hour [21]. As in the other studies described, the feed-in capacity for methane
corresponds to the available capacity of the gas grid. Maximum hydrogen concentrations of
2 vol.%, 10 vol.% and 15 vol.% are assumed to determine the feed-in capacity for hydrogen
[21].
Estermann et al. [30] propose an expansion of PtG plant capacity from 1GW to 3GW
by 2035. An expansion in the range of 3GW to 10GW by 2050 is conceivable to cover
non-energetic hydrogen demand in industry. To cover the entire demand for green fuel in
Germany, higher capacities of PtG plants must be installed. According to [33] a capacity
of 254GW must be installed, but for cost reasons not necessarily in Germany.
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3.5 Operating strategy
A distinction can be made between three basic modes of operation: market-driven, grid-
driven and generation-driven operation [31]. The market-driven operation describes the
operation at low prices on the electricity exchange, which is in case of low electricity de-
mand and a high supply by RES. This model of operations requires a short connection to
both the electricity and gas grids, as the operation is not controlled by local signals but by
central signals from the electricity exchange. The grid-driven operation is used to mitigate
congestion situations in the electricity grid. In order to successfully avoid congestion situa-
tions in the electricity grid, it is important that the PtG plants are built at the appropriate
points in the grid that are affected by overloads. To compensate for fluctuations in power
generation of RES and inaccuracies in the forecast of those a generation-driven operation
can be used. This operation strategy is carried out in order to optimize the schedule of the
power plant fleet of the energy supplier. The same requirements are placed on the site of
a generation-driven PtG plant as on a grid-driven PtG plant.
All modes of operation have in common that they are uneconomical today [31]. Estermann
et al. [30] state that the operation strategy of the PtG plant depends on the location of
its deployment. Thus it is likely that electrolyzers at industrial sites for hydrogen supply
will operate at about 7000 full load hours. For the operation of methanation plants feeding
into the gas grid, it is recommended to align the operation with the prices of the electricity




This section provides a detailed description of the methods used in this thesis. First,
the methods for the determination of PtG feed-in capacities are explained. The code is
implemented as a python tool. In the following section, the energy system model eTraGo is
described, which is used to model the electricity grid. Lastly, the procedure for integrating
the feed-in capacities into the electricity grid model eTraGo is explained.
4.1 Scenario
The aim of this work is to optimize the allocation of PtG plants in Germany according to
the feed-in capacity of the gas grid. In order to be able to make a statement regarding the
future development of PtG plants, a scenario from the network development plan is used.
In this thesis the scenario C 2035 is assumed which is explained in detail in section 3.1.2.
In this scenario, three types of PtG plants are assumed to be built. These are power-to-
hydrogen plants feeding into the gas grid, power-to-hydrogen plants covering the hydrogen
demand of industrial sites, and power-to-methane plants that directly feed into the gas
grid. Therefore, the feed-in capacity of the gas grid for hydrogen and methane must be
determined. In order to comply with the scenario, the feed-in capacities must be adjusted
to the year 2035. The adjustments of the feed-in capacities to the scenario are explained in
the corresponding sections. It is assumed that the absolute level of gas demand changes,
but not the regional distribution [7].
4.2 Determination of Power-to-Gas feed-in
capacities into the German gas grid
The reviewed studies provide feed-in capacities only at a spatial resolution at NUTS-3
level. Studies at a higher spatial resolution represent a gap in the investigation of feed-in
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capacities. To examine the influence of the gas grid characteristics on the allocation of
PtG plants, a higher spatial resolution on substation level is needed, as further described in
subsection 4.2.1. In addition, limitations such as maximum hydrogen concentration must
be taken into account. The determination of the feed-in capacities into the German gas grid
is based on the reviewed studies. The methods are being further developed and adapted
for a higher resolution. Figure 4.1 summarizes the general procedure of determining the
feed-in capacity of the German gas grid.
Figure 4.1: General procedure of determining the feed-in capacit of the German gas grid
The gas grid is divided into transmission grid and distribution grid. The potential of
feeding-in additional gas produced by PtG plants into the transmission grid is determined
via the pipeline dimensions. The feed-in capacity of the distribution grid is obtained in
a top-down approach. For this purpose, the natural gas demand is given at NUTS-3
level and is regionalized to a level with a higher spatial resolution. Also the natural gas
production is regionalized to the same spatial resolution. It is assumed that the natural
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gas produced is consumed locally. Therefore, a residual load is calculated from gas demand
and gas production by subtracting gas production from gas demand. The residual load is
considered as a potential for feeding-in gas from PtG plants. Subsection 4.2.1 addresses
the determination of the spatial resolution of the gas grid in detail.
Subsequently, a temporal resolution of the spatially resolved feed-in capacities is carried
out. For this, different load profiles are used, which provide an hourly resolution, as further
described in subsection 4.2.2. The feed-in capacities of the total gas grid is obtained by
summing up the feed-in capacities for the gas transmission grid and the gas distribution
grid. These feed-in capacities represent the output power of the PtG plants in terms of the
thermal energy value of the produced gas. The capacity of the PtG plants is determined
from the feed-in capacity of the gas grid, as described in subsection 4.2.4.
The methods to obtain the spatially and temporally resolved feed-in capacities are described
in detail in the following subsections.
4.2.1 Spatial resolution
In this work, it is assumed that due to scale effects future PtG plants will have an installed
capacity in the MW range and are directly connected to the high voltage (HV) power grid.
To avoid costs for grid expansion, a short distance between HV substations and the feed-in
points of the PtG plants into the gas grid is beneficial.
The energy system model eTraGo provides a data set of so called MV Grid Districts repre-
senting the catchment area around the HV-MV substations. The role of these substations
in relation to the power grid is described in more detail in section 4.3. By determining the
feed-in capacities for these areas, the requirement of short distances between the power grid
and the gas grid is taken into account. The data set from the LKD-EU study is used as
source data. The data is well suited for the investigation because it contains information on
both the dimensions and geographical locations of the gas transmission grid pipelines and
the gas demand resolved on the NUTS-3 level. In the following, the feed-in capacities of





To determine the feed-in capacity of the gas transmission grid in a high spatial resolution
the data set of the MV Grid District and the pipeline data set of the LKD-EU study is used.
The topology of the gas transmission grid is superposed with the geometries of the MV Grid
Districts. This way, it is checked which MV Grid Districts the gas transmission pipelines
pass through. From now on, only the districts that have pipelines will be considered. Each
pipeline is assigned a specific class based on its diameter and pressure. The transport
capacity of each pipeline class determined by Haumeier et al. [8] is shown in Table 3.3.
The feed-in capacity is obtained using the class of the pipeline. The feed-in capacity of the
pipeline is allocated to the corresponding MV Grid District. If several pipelines run through
an MV Grid District, the capacities are summed up. Figure 4.2 shows the procedure of
determining the feed-in capacity of the transmission grid.
Figure 4.2: Transmission grid procedure
4.2.1.2 Distribution grid
Several assumptions are made to determine the feed-in capacity of the gas distribution
grid. It is assumed that the natural gas produced is consumed locally. The residual load
can be supplied by PtG plants. Therefore, the gas production is subtracted from the gas
demand. In order to determine both gas demand and gas production at the level of the
MV Grid Districts, different methods are used. The gas demand is broken down by sector.
To quantify the gas demand, the sectors of private households, industry and power plants
are considered. Due to the low gas demand, the transport sector is neglected. Additionally,
the gas demand is adjusted to the year 2035. The data from the LKD-EU study are applied
as input data. These indicate the gas demand broken down by the sectors households,
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industry and power plants at NUTS-3 level. The methods used to regionalize these data
to the MV Grid Districts are described in the following subsections. Table 4.1 gives a brief
overview of the methods used for each sector.
Table 4.1: Methods for the regionalization of the gas demand from NUTS-3 to the level of
MV Grid Districts







The demand of the sector private households is given at the level of NUTS-3. The gas
demand of the household sector is mainly influenced by the generation of space heating.
Hence, the demand is regionalized using the number of inhabitants. NUTS-3 areas represent
the counties in Germany and each county consists of several municipalities. Therefore, the
number of inhabitants of the municipalities is used to calculate the gas demand among the
municipalities. Overlaps between the areas of the municipalities and the MV Grid Districts
are detected. The proportion of the municipality that overlaps with the MV Grid District is
determined. This proportion is used to further regionalize the gas demand. The MV Grid
District is assigned the proportion of the gas demand of the municipality. In this way, the
gas demand of the household sector is regionalized to the level of the MV Grid Districts.
Figure 4.3 shows the procedure of determining the spatially resolved gas demand of the
household sector.




The LKD-EU study provides gas demand data of the industry sector at NUTS-3 level.
In addition, the data set provides locations of energy-intensive industries. It is identified
how many energy-intensive industrial sites exist per NUTS-3 area. The gas demand of the
industry sector at NUTS-3 level is divided equally among these industrial sites. It is checked
in which MV Grid Districts the industrial sites are located and the gas demand is assigned
to these districts. If a district contains several industrial sites, their gas demand is summed
up. This results in the allocation of the gas demand to the MV Grid Districts. While Figure
4.4a shows the locations of energy intensive industrial sites at the level of NUTS-3, Figure
4.4b shows the same industrial site at the level of MV Grid Districts. The procedure of
determining the spatially resolved gas demand of the industry sector at the level of MV
Grid Districts is shown in Figure 4.5.
(a) NUTS-3 (b) MV Grid Districts
Figure 4.4: Locations of energy-intensive industrial sites in Germany at the level of NUTS-3
and MV Grid Districts




The natural gas demand of the power plant sector is given at the level of NUTS-3 in the
LKD-EU study. In order to obtain the gas demand at the level of MV Grid Districts, methods
of regionalization are applied. For this purpose, a data set from the federal environment
agency on gas-fired power plants is used. These data contain information on the output
and location of the power plants. For the regionalization of the gas demand, it is checked
which power plants are located in a NUTS-3 area. While Figure 4.6a shows the locations
of gas-fired power plants at the level of NUTS-3, Figure 4.6b shows the location of the
same gas-fired power plants at the level of MV Grid Districts. The gas demand is allocated
to the power plants based on the power plants’ output. It is determined how many power
plants are located in each MV Grid District. If there are several power plants in a MV Grid
District, the gas demand is summed up.
(a) NUTS-3 (b) MV Grid Districts
Figure 4.6: Locations of gas-fired power plants in Germany at the level of NUTS-3 and MV
Grid Districts




The LKD-EU study provides a data on gas production in Germany at the level of NUTS-
3. In addition, the locations of gas production sites are given in the study. In order to
regionalize gas production to the level of the MV Grid Districts, these sites are used. It
is checked which production sites are located in a NUTS-3 area. The gas production of
the NUTS-3 areas is allocated to the gas production sites in that area. It is determined
in which MV Grid Districts the identified production sites are located. Figure 4.8 shows
the procedure of determining the spatially resolved gas production at the level of MV Grid
Districts.
Figure 4.8: Distribution grid production procedure
4.2.2 Temporal resolution
The temporal resolution plays a decisive role in the representation of load peaks. The
temporal resolution of feed-in capacities is carried out using sector-specific load profiles.
Influencing factors on the temporal distribution such as low gas demand in summer and the
production behavior of industry can be taken into account in this way.
4.2.2.1 Transmission grid
The temporal resolution of the feed-in capacity of the transmission grid is performed using
a load profile. The assumption is made that the feed-in capacity is dependent on the
temperature-related gas demand. The demandlib library1 is a python tool to create load
profiles for electricity and heat on the basis of annual demand data. Using the python tool




calculated for each NUTS-3 area. The hourly temperature profile of each NUTS-3 area is
included in the calculation. In order to obtain an average profile for all of Germany, the
mean value of all NUTS-3 areas is calculated for each hour of the year. In the last step
the time series is normalized to the maximum value. Thus, a hourly load profile is obtained
which can be used to temporally resolve the feed-in capacity of the transmission grid.
4.2.2.2 Distribution grid
Sector-specific load profiles are used for a reasonable temporal resolution of the feed-in
capacity into the gas distribution grid. In the following, normalized time series are developed
for the individual sectors in order to resolve the feed-in capacities over time. The special
aspects of the sectors are addressed.
Household sector
The gas demand of the household sector is significantly influenced by the supply of space
heating. Therefore, this dependency also exists for the feed-in capacity into this sector.
Space heating is not needed all year and the energy demand for providing space heating
is dependent on the structure, age and type of building. When the outdoor temperature
drops below a building-specific outdoor temperature, space heating is required. Using the
python tool demandlib, an hourly resolved normalized time series is created. In this process,
the hourly resolved outdoor temperature over the course of the year is included for each
NUTS-3 area. In addition, the general building type is specified. On this basis, the gas
demand per NUTS-3 area is resolved over time using a temperature profile. This results in
a temporally resolved gas demand at the NUTS-3 level.
Industry sector
The gas demand in the industrial sector is not constant but depends, among other things,
on working hours of the industry. Therefore, a normalized time series is applied to resolve
the gas demand over time. A few assumptions are made to determine the time-resolved gas
demand of the industry sector. It is assumed that the gas demand of the sector industry
follows its heat demand. A python tool developed by Schmidt et al. [34] to determine the
temporal distribution of the process heat demand is used to obtain a normalized time series.
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The tool is taking into account the economic sectors metal, chemical, mineral, mining, food,
textile, paper, transport, machinery, and wood industry to identify the process heat demand
at the level of NUTS-3 areas. For each economic sector specific load profiles and full load
hours are used to generate a temporally resolved process heat demand of each sector. The
sector-specific load profiles take into account the different characteristics of production in
the respective sectors. This results in a dataset that indicates the process heat demand of
the industry sector at NUTS-3 level. The time series of each NUTS-3 area is normalized
to its maximum value which provides a load profile for each NUTS-3 area. The load
profiles enable an application to the gas demand and a temporally resolved gas demand is
obtained.
Power plant sector
The gas demand of the power plants sector depends on the use of gas-fired power plants.
Therefore, a load profile of the gas-fired power plants is used to generate the time-resolved
gas demand. Data from the federal network agency2 is used to create the load profile. The
data represent a time series of realized electricity generation by gas-fired power plants. The
realized electricity generation of the gas-fired power plants is used for the load profile. A
mean daily profile is formed from all 365 days of the year. It is assumed that the power
plants are operated every day of the year as on the mean day. Thus, the load profile for
the entire year is created from the mean daily profile. The load profile is normalized to the
maximum value.
4.2.3 Feed-in capacities of the entire gas grid
The determined feed-in capacities of transmission grid and distribution grid apply to the
injection of methane into the gas grid. The feed-in capacity of the total gas grid is obtained
by summing up the feed-in capacities of the gas transmission grid and the gas distribution
grid per MV Grid District. The feed-in capacity of the entire gas grid is determined by:




where Q̇th is the feed-in capacity of the entire gas grid for injecting methane into the gas
grid, Q̇th,trans is the feed-in capacity of the transmission grid and Q̇th,dist is the feed-in
capacity of the distribution grid.
4.2.4 Determination of Power-to-Gas plant capacity
The determined feed-in capacities represent the output power Q̇th of the PtG plants in
terms of the thermal energy value of the produced gas. In order to obtain the electrical
power of PtG plants, the efficiencies of electrolyzers and methanation plants are taken into
account. Figure 4.9 shows the procedure of determining the PtG plant capacity for injecting
methane into the gas grid.
Figure 4.9: Power-to-gas plant capacity for methane procedure
For the transformation of electrical power to the thermal power of methane electrolyzers
and methanation plants are used. The electrical power of these plants is calculated using





where Pel,methanation is the electrical power that can be stored in the gas grid, ηmethanation
represents the efficiency of the methanation plant, ηelectrolyzer is the efficiency of the elec-
trolyzer and Q̇th stands for the feed-in capacity of the gas grid for methane, as calculated
in Equation 4.1. According to Brown et al. [24], an methanation plant efficiency of 80%




Figure 4.10: Power-to-gas plant capacity for hydrogen procedure
Figure 4.10 shows the procedure of determining the PtG plant capacity for injecting hydro-
gen into the gas grid. The capacity of electrolyzers is obtained in a similar way. However,
the maximum feed-in concentration of hydrogen in the gas grid must be taken into account
first. According to Hüttenrauch et al. [7], it is assumed that a maximum concentration of
5 vol.% hydrogen is permitted. An increase of the maximum concentration in the coming
years is conceivable. In this context, 15% is often discussed. For this reason, the feed-in
capacity is also determined for a maximum concentration of 15%. First, the volume flow
V̇ is determined by Equations 4.3 using the lower heating values (LHVs) of hydrogen and
methane:
Q̇th = V̇ · (lH2 ·HuH2 + (1− lH2) ·HuCH4) (4.3)
where Q̇th is the feed-in capacity of the gas grid for injecting methane, lH2 is the maximum
concentration of hydrogen,HuH2 andHuCH4 represent the LHVs of hydrogen and methane.
Subsequently, the feed-in capacity of hydrogen into the gas grid can be calculated using
Equation 4.4:
Q̇H2 = lH2 · V̇ ·HuH2 (4.4)
where Q̇H2 represents the feed-in capacity of hydrogen. Using the calculated feed-in capacity
of hydrogen and the efficiency of the electrolyzer, the capacity of the electrolyzer can be







where Pel,electrolyzer stands for the capacity of the electrolyzer, Q̇H2 is the feed-in capacity
of hydrogen, and ηelectolyzer is the efficiency of the electrolyzer.
4.2.5 Determination of feed-in capacity of hydrogen at
industrial sites
The network development plan [5] discusses building electrolyzers directly at industrial sites.
In this way, the electrolyzers can simultaneously meet the hydrogen demand of the industry
and provide flexibility to the electricity grid. The industry’s natural gas demand is used to
determine potential electrolyzer capacities at industrial sites. For the determination of this
potential the natural gas demand of the industry sector at a spatial resolution of NUTS-3
is used. The data is provided by the LKD-EU study. The spatial and temporal resolution of
the natural gas demand of the industry sector is carried out as described in the subsections
4.2.1 and 4.2.2. In order to adjust the natural gas demand to the hydrogen demand, a
correction factor is developed. The correction factor takes into account the total annual





where QH2 is the total annual hydrogen demand and QCH4 is the total annual gas demand
of the industry sector in Germany. According to [25] the total annual hydrogen demand of
the industry sector by 2035 is set to:
QH2 = 78.5 · 106 MWh (4.7)
The total annual gas demand of the industry sector in Germany is calculated from the data
given by the LKD-EU study. The natural gas demand of the industry sector at NUTS-3
level is summed up for entire Germany.
The potential hydrogen demand of the industry sector is obtained by multiplying the spatially
and temporally resolved gas demand by the correction factor. Since there is no limitation
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by a maximum hydrogen concentration, the capacity of the electrolyzers can be determined
directly by Equation 4.5.
4.3 eTraGo
The energy system model eTraGo3 was developed within the research project open_eGo.
The project can be divided into two basic sub-areas. An open database and platform
for energy system modeling were developed. They were implemented in the form of the
OpenEnergyPlatform (OEP) and the OpenEnergyDatabase (OEDB). Additionally, a plan-
ning tool for the determination of the optimal grid and storage expansion in Germany was
developed. The planning tool electricity Grid optimization (eGo) contains of two energy
system models respectively for transmission and distribution grid optimization using the
open-source software Python for Power System Analysis (PyPSA). Figure 4.11 shows a
schematic illustration of the eGo planning tool.
The aim of eTraGo is the economic optimization of transmission grid on the extra high
voltage (EHV) and HV level including 380 kV, 220 kV and 110 kV grid with respect to grid
and storage expansion. The energy system model electricity Distribution Grid optimization
(eDisGo) optimizes the distribution grid level.
Figure 4.11: Planning tool eGo for the optimal grid and storage expansion in Germany
divided into the energy system models eTraGo for optimizing the transmission




eTraGo is discussed in more detail below. Figure 4.12 shows the steps of eTraGo for
optimizing the transmission grid. The electricity grid model is imported from the OEDB
and can be reduced to minimize computing time. For this purpose, spatial and temporal
clustering methods are available. Subsequently, the linear optimal power flow (LOPF)
calculation in PyPSA is performed, which includes the technical-economic optimization.
The objective function is to minimize the total system costs. The results of optimizing EHV
and HV grid level can either be evaluated with additional functions and plots or be passed
as input variables of the cross-network tool eGo. The latter may require disaggregation of
the results.
Figure 4.12: Schematic steps of eTraGo for the optimization of the transmission grid
For the modeling of the German transmission grid, the grid is divided into its voltage levels.
These are called EHV, HV, MV, and low voltage (LV) and have voltage of≥ 220 kV, 110 kV,
1 kV to 35 kV, and < 1 kV as shown in Figure 4.13. Electricity is transmitted between
the adjacent voltage levels via substations. The transmission network is characterized by
EHV and HV level and the substations in between. In addition, eTraGo also models the
substations between HV and MV level, which represents the connection to the distribution
grid. The distribution grid, which is calculated in eDisGo, is represented by MV and LV
level.
In the project, geographical catchment areas were defined around the substations, in which
the associated grid extends. The catchment area around the EHV-HV substation is called
EHV Transmission Grid Area and the catchment area around the HV-MV substation is
called MV Grid District. In eTraGo the transmission grid is represented by 424 EHV trans-
mission grid areas and 3591 MV grid districts. The MV Grid Districts have an average
43
4 Methodology
area of 99 km2. The MV Grid Districts in eTraGo are well suited for the investigation and
optimization of the allocation of PtG plants, because of the high spatial resolution and the
key position between the transmission and distribution grid.
Figure 4.13: Electricity grid levels
4.3.1 Optimization method
Since eTraGo is based on the python tool PyPSA4, the components introduced in PyPSA
are also used to model the grid. The components relevant for this thesis are explained in
Table 4.2.
For the optimization of the transmission grid, eTraGo is using the LOPF method of PyPSA.
The goal of this method is to minimize the total annual costs, while the use of power plants
under the given grid an market restrictions is modelled. If grid and storage expansion
is permitted, their nominal power is an optimization variable and can be expanded in
consideration of the annualized investment costs. The objective function is given by the
following Equation 4.8:
Compliance with technical parameters is ensured by constraints for generators, storages,
lines and transformers and Kirchoff’s law. For detailed calculations of the constraints,




Table 4.2: PyPSA Components
Component Description
Network Container for all components and functions within the net-
work
Bus Fundamental node where all associated objects are con-
nected
Carrier Energy carrier, such as solar, gas, wind, oil
Load Energy consumer attaches to a single bus
Link Component links two buses using a controllable directed
flow with arbitrary energy carriers
Generator Power generator converts energy from its carrier to the
carrier-type of the bus to which it is attached
Store The store is a fundamental component for storing energy
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ωt · on,s · [hn,s,t]+︸ ︷︷ ︸
storage variable cost
] (4.8)
l: Index line/transformer on,r: marginal costs of
n: Index bus dispatch generator n, r
r: Index generator gn,r,t: dispatch of generator n, r, t
t: Index time step cn,s: capital cost of storage n, s
s: Index storage Hn,s: nominal capacity of storage n, s
cl: Capital cost of line/transformer l on,s: marginal costs of storage n, s
Fl: Capacity of line/transformer l [hn,s,t]+: positive part of
ωt: Weighting of time step t storage dispatch n, s, t
4.4 Integration of Power-to-Gas feed-in capacities
into the power grid model eTraGo
In this section the integration of the PtG feed-in capacities into the power grid model
eTraGo is discussed. The model is extended by three buses, each representing a part of
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the network development plan. The buses serve as starting point for integrating the feed-in
capacities. The first bus is called hydrogen grid-oriented and is used for the integration
of the grid oriented electrolyzers. The second bus is called hydrogen industrial sites and
is responsible for the integration of the electrolyzers at industrial sites. The third bus is
called methane and represents the integration of the electrolyzers and methanation plant
for feeding-in methane into the gas grid. Each electric bus is connected with each of the
three gas buses using links, as shown in Figure 4.14. Within the eTraGo model, these links
represent the PtG plants. Each gas bus is connected to a load and a store. As in all three
cases the method chosen for integration is the same, only the integration of the PtG plants
of the gas bus H2, grid-oriented is discussed more in detail.
Figure 4.14: Integration of three additional gas buses into the eTraGo model including a
load and a store per gas bus
In section 4.2.4, maximum installable PtG plant capacity and time series of the installable
PtG plant capacity at each electric bus were determined. The gas bus is connected to each
electric bus using a link. These links represent the PtG plants that can be built. In order to
optimize the capacity of these, each link is assigned the minimum and maximum capacity
of the PtG plant. The PtG plant capacity can be optimized between the minimum and
maximum installable capacity:
P̃n ≤ Pn ≤ P̄n (4.9)
where P̃n is the minimum installable PtG plant capacity at bus n in [MWel], Pn is the
installed PtG plant capacity at bus n in [MWel] and P̄n is the maximum installable PtG
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plant capacity at bus n in [MWel]. The minimum installable PtG plant capacity is set to
be 0.
P̃n = 0MWel (4.10)
Additionally, the links are assigned a normalized time series of the installable PtG plant
capacity, which is derived from the time series determined in section 4.2.4. The time series





where Pn,t,pu is the normalized PtG plant capacity at bus n at time step t in "per unit" [−],
Pn,t is the PtG plant capacity at bus n and time step t and Pn,max is the maximum PtG
plant capacity at bus n.
The PtG plant dispatch gn,t at bus n is optimized but the installed PtG plant capacity
Pn must not be exceeded at any time step t in the process. This results in the following
constraint:
gn,t ≤ Pn ∗ Pn,t,pu (4.12)
All links are connected to the gas bus and feeding their product gas into it. In addition, a
load and a storage are attached to the gas bus. The store is assigned a capacity. In case of
the hydrogen grid-oriented PtG plants the capacity is included by setting the constraint:
EH2,grid-oriented = 37.5 · 106MWhth (4.13)
where Em is the storage capacity of the gas grid for hydrogen. The load is set to fulfill
scenario C 2035 of the network development plan. The annual production of gas from the
PtG plant must be:
EPtG,NEP,th = PPtG,NEP · FLHPtG,NEP · ηPtG (4.14)
where EPtG,NEP,th is the annual gas production by the PtG plants, PPtG,NEP defines the
built PtG plant capacity in scenario C 2035 of the network development plan, FLHPtG,NEP
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defines the full load hours of the PtG plants in the same scenario and ηPtG is the efficiency
of the PtG plants. In the case of the hydrogen grid-oriented PtG plant it results in:
EH2,grid-oriented,NEP,th = 3000MWel · 1500 h · 0.8 = 3.6 · 106MWhth (4.15)
An annual average production capacity of the gas produced by PtG plant can be derived





The load to set is derived using the required annual average gas production PPtG,NEP,th
and a normalized time series. The normalized time series is derived by averaging of the
time series of PtG capacity determined in section 4.2.4 over all buses and normalizing by
its mean value. This results in the load:
dPtG,t,th = Pt,pu,mean · PPtG,NEP,th (4.17)
where dPtG,n,t,th is the PtG load at time step t in [MWth], Pt,pu,mean is the normalized time
series at time step t in "per unit" [-] and PPtG,NEP,th is the annual average gas production
of the PtG plant in [MW].
All the gas produced by the PtG plants via the links is fed into the gas bus. The injected





gPtG,n,t,th = dPtG,t,th + dPtG-storage,t,th (4.18)
where gPtG,t,th is the sum of gas produced by all PtG plants at time step t in [MW],
gPtG,n,t,th is the gas produced by the PtG plant at bus n at time step t, dPtG,t,th represents
the demand of gas from the load at time step t and dPtG-store,t,th is the demand of the store
at time t.
According to [24] the investment cost of each PtG plant is:
cH2,grid-oriented = 350 000e/MWel (4.19)
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Table 4.3 shows the parameter for integrating all three types of PtG plant and its opera-
tion.
Table 4.3: Parameter for the integration of the PtG plant capacities
Parameter H2, grid-oriented H2, industrialsites methane
PNEP 3000MWel 4500MWel 500MWel
FLHNEP 1500 h 3500 h 1000 h
Estore 37.5 · 106 MWh 37.5 · 106 MWh 130 · 106 MWh
η 0.8 0.64 0.8
c 350 000eMW−1 350 000eMW−1 1 000 000eMW−1
4.5 Optimization of the Power-to-Gas plant
allocation
From the previous sections, an energy system is obtained consisting of 3591 nodes and
8760 time steps. Computing time plays a decisive role in the optimization of large energy
systems. Therefore, it is possible to cluster nodes in eTraGo. In this process the information
of several nodes is combined in one node. As a result, the complexity of the energy system
is reduced and the computing time is decreased. Another way to reduce the computing time
is to choose a shorter time period to optimize. Both variants for minimizing the computing
time are used in this thesis. It is determined to perform calculations over the entire year
with 200 nodes and additional calculations with a higher resolution over a shorter time
period.
In order to investigate the influences of the feed-in capacity of the gas grid on the allocation
of PtG plants, different optimization cases are performed. Table 4.4 gives an overview on
the different performed optimization cases. To be able to consider the temporal influence,
calculations are carried out over different periods. All optimization cases are performed in
accordance with the network development plan. Five calculations are carried out for the
period of one week and one for an entire year. In the following paragraphs, the optimization
cases are discussed in more detail.
The difference in the allocation of PtG plants between summer and winter is tested. To
examine the seasonal impact, calculations are carried out for periods in summer with low gas
49
4 Methodology
demand and in winter with high gas demand. In optimization case 1, the allocation of PtG
plants is optimized for the week in summer with the lowest gas demand. For this, the time
period is set to 4200 h to 4368 h. This optimization case follows the network development
plan and all three gas buses are integrated. The gas bus H2, grid-oriented is provided with
the capacities of the PtG plants feeding hydrogen into the gas grid. These capacities are
determined in section 4.2.4 with an assumed maximum hydrogen concentration of 5 vol.%
of the gas grid. The gas bus H2, industrialsites is provided with the capacities of the
PtG plants located directly at the industrial sites, as determined in section 4.2.5. The gas
bus methane is provided with the capacities of the PtG plants feeding-in methane directly
into the grid, as determined in section 4.2.4. To investigate the seasonal differences,
optimization case 2 is executed with the same characteristics regarding the gas buses. The
period with the highest gas demand in winter is selected. Thus, the time period is set to
1200 h to 1368 h.
The cases 3 to 5 are performed using the summer period because this period offers lower
installable capacity. Therefore, the PtG plant capacities are not overestimated. In case
3, the influence of a higher installed capacity of PtG plants feeding hydrogen into the gas
grid is investigated. Only the gas bus H2, grid-oriented is used for this purpose. The load
attached to the gas bus is set to be 7500MWel.
The optimization case 4 examines the impact of a higher hydrogen feed-in limit concentra-
tion of the gas grid. This optimization is performed using the determined capacities of PtG
plants feeding hydrogen into the gas grid. These capacities are calculated with a maximum
feed-in concentration of 15 vol.%.
A reference calculation is carried out in order to determine the behaviour of the eTraGo
model without the integration of the feed-in capacities. Hence, optimization case 5 is
executed without the additional gas buses.
The last optimization case is used to determine the temporal influence over the course of
the year. For this purpose, the calculation is performed without restricting the time period




















































































































































































































































































































































5 Results and Discussion
In this chapter, the results of the calculations carried out in this work are presented and
discussed. The determined potential capacities of PtG plants feeding into the gas grid are
illustrated. The results of optimizing the allocation of PtG pants are analyzed, and the
influence of their potential capacities is evaluated.
5.1 Spatial distribution of the potential capacities of
Power-to-Gas plants
In this section, the capacities determined for the PtG plants per MV Grid District are
analyzed. In the following, only the maximum installable capacities of power-to-hydrogen
plants that feed directly into the gas grid are discussed.
(a) Capacities per MV Grid District (b) Topology of the gas transmission grid
Figure 5.1: Maximum installable capacity of Power-to-Hydrogen plants per MV Grid District
for feeding-in hydrogen at a maximum concentration of 5 vol.% into the gas
transmission grid
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Figure 5.1a shows the maximum installable capacity of power-to-hydrogen plants feeding
into the gas transmission grid per MV Grid District. A maximum concentration of 5 vol.%
hydrogen is applied. Figure 5.1b shows the transmission grid topology used to determine the
capacities. Comparing the figures, the course of the pipelines through the MV Grid Districts
can be clearly seen. The highest installable capacity of a MV Grid District is 8280MWel.
A total of 1589 districts are crossed by pipelines. Thus, these MV Grid Districts provide
an installable capacity of power-to-hydrogen plants feeding into the transmission grid. The
MV Grid Districts with no pipelines have a capacity of 0MWel.
(a) Capacities per MV Grid District (b) Locations of industrial sites in Germany
Figure 5.2: Maximum installable capacity of PtG plants feeding hydrogen in the distribution
grid per MV Grid District with a maximum hydrogen concentration of 5 vol.%
As described in subsection 4.2.1.2, the capacity of power-to-hydrogen plants feeding into
the distribution grid is determined from the residual load between gas demand and gas
production in each MV Grid District. Figure 5.2a shows the determined capacity of power-
to-hydrogen plants feeding into the distribution grid. For the gas grid, a maximum hydrogen
concentration of 5 vol.% is assumed. The installable capacity per MV Grid District is
significantly lower than in the transmission grid. There are 3591 MV Grid Districts, as
described in section 4.3. Only 339 MV Grid Districts have a maximum installable capacity
of more than 1MWel; the remaining 3252 have a lower capacity. Figure 5.2b shows the
energy-intensive industrial sites in Germany. The industry’s gas demand influences the
potential power-to-hydrogen capacity of 398 MV Grid Districts in Germany. A comparison
of the figures clearly shows the influence of the industrial sites on the installable capacity
of the power-to-hydrogen plants.
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(a) Capacities per MV Grid District (b) Locations of gas-fired power plants
Figure 5.3: Maximum installable capacity of PtG plants feeding hydrogen in the distribution
grid per MV Grid District with a maximum hydrogen concentration of 5 vol.%
But the MV Grid District providing the highest installable capacity are districts which
contain gas-fired power plants. Figure 5.3 sets the capacities of power-to-hydrogen plants
against the locations of gas-fired power plants. There are 47 MV Grid Districts containing
gas-fired power plants.
Figure 5.4: Maximum installable capacity of Power-to-Hydrogen plants per MV Grid District
for feeding-in hydrogen at a maximum concentration of 5 vol.% into the entire
gas grid
The potential capacity of the power-to-hydrogen plants for the entire gas grid is calculated
from the sum of the capacities for the transmission grid and distribution grid. The results
of this calculation are shown in Figure 5.4. Since the capacities determined from the
distribution grid are low compared to the capacities determined from the transmission grid,
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the distribution grid contributes much less to the distribution of large capacities than the
transmission grid.
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5.2 Temporal distribution of potential capacities of
Power-to-Gas plants
This section discusses the results of the temporal distribution of the installable capacity of
power-to-hydrogen plants. The methods described in section 4.2.2 are used to calculate
the temporal distribution in the transmission grid and the distribution grid. In the following
paragraphs, the results for power-to-hydrogen plants that feed directly into the gas grid are
discussed more in detail. Just as in the case of the spatial distribution, the results with a
maximum concentration of 5 vol.% hydrogen in the gas grid are addressed.
0 2000 4000 6000 8000












(a) Over the course of the year 2035
0 25 50 75 100 125 150 175










(b) Over the course of the first week of the year 2035
Figure 5.5: Time series of the installable power-to-hydrogen plant capacity in a MV Grid
District for the transmission grid
The installable capacity for the gas transmission grid is temporally resolved using load
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profile based on temperature-related gas demand. Figure 5.5 shows the time series of the
installable capacity of power-to-hydrogen plant feeding into the transmission grid for the MV
Grid District with the highest installable capacity. While Figure 5.5a shows the installable
capacity over the course of the year 2035, Figure 5.5b shows the installable capacity over
the course of the first week of 2035, beginning with a Monday.
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(b) Over the course of the first week of the year 2035
Figure 5.6: Time series of the installable capacity of a power-to-hydrogen plant feeding
into the distribution grid for a MV Grid District consisting of households and
industrial sites but no gas-fired power plants
The installable capacity fluctuates over the course of the year. The time series shows
that the installable capacity decreases significantly in the summer months. In winter, the
illustrated MV Grid District provides up to 8000MWel, while in summer it only provides
around 3000MWel. On working days a higher capacity is provided than on weekends.
Furthermore, the installable capacity also fluctuates throughout the day. This means that
57
5 Results and Discussion
more gas can be fed in during the day than at night.
The installable capacity for the gas distribution grid is temporally resolved using sector-
specific load profiles. Figure 5.6 shows the time series of the installable capacity of power-
to-hydrogen plants feeding into the distribution grid for a MV Grid District over the course
of the year 2035. This MV Grid District contains industrial sites and households but no gas-
fired power plants. Similar to the transmission grid, the distribution grid also has a lower
installable capacity in the summer months. The installable capacity varies from around
3MWel in summer up to 5MWel in winter. Due to the load profile of the industry sector,
the installable capacity during working days is higher. The fluctuations between day and
night can be attributed to the household sector.
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Figure 5.7: Time series of the installable power-to-hydrogen plant capacity feeding in the
distribution grid for a MV Grid District consisting gas-fired power plants over
the course of the first week of the year 2035
MV Grid District that also contain gas-fired power plants are dominated by the load profile
of these power plants due to their high gas demand. Figure 5.7 shows the time series
of the installable capacity of power-to-hydrogen plants for a MV Grid District, which also
contains gas-fired power plants over the course of the first week of the year 2035. The
installable capacity ranges between 10MWel at night and 15MWel during the day. In
addition, fluctuations can be observed in the course of the day. However, no difference can
be identified between working days and weekends as the influence of the industrial sites is
negligible compared to the influence of the power plants.
Adding the installable capacities of power-to-hydrogen plants for transmission grid and
distribution grid per MV Grid District forms the installable capacity of the entire gas grid.
The effects on the temporal distribution are depicted in Figure 5.8 for a MV Grid District
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(b) Over the course of the first week of the year 2035
Figure 5.8: Time series of the installable power-to-hydrogen plant capacity including gas
transmission grid and distribution grid for a MV Grid District
that includes both the transmission grid and the distribution grid. While 5.8a shows the
installable capacity over the course of the year 2035, Figure 5.8b shows the capacity over
the course of the first week of 2035. Due to the fact that the distribution grid provides
a considerably lower capacity, the temporal distribution is significantly influenced by the
transmission grid. It can be observed that the installable capacity decreases in summer.
The installable capacity fluctuates over the course of the week between working days and
weekends. There are also fluctuations between day and night.
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5.3 Optimal allocation of Power-to-Gas plants in
Germany
This section discusses the results of the six optimization cases performed. The results are
obtained by applying the methods described in subsection 4.3.1. The characteristics of the
individual optimization cases are described below. Since the calculation for the entire year
must be calculated with a lower resolution of 100 nodes due to high computational time,
calculations are also performed for the period of one week with a higher resolution.
In the first optimization case, all three gas buses are integrated. Thus, the optimization is
performed for power-to-hydrogen plants feeding directly into the natural gas grid, power-to-
hydrogen plants operating directly at industrial sites, and power-to-methane plants feeding
into the natural gas grid. The optimization is carried out for a period of one week in
summer. Figure 5.9 shows the optimal allocation of power-to-hydrogen plants used in a
grid-oriented way and feeding directly into the natural gas grid.
The power lines of the power transmission grid are represented by the colored lines. The
color bar indicates the loading of the corresponding power line in per unit of the maximum
line capacity. The arrows indicate the direction of the electrical current. Each gray circle
represents a power-to-hydrogen plant and the size of circle indicates the installed capacity
of the plant. Most of the large power-to-hydrogen plants are built in northern Germany.
Another large plant is installed in the Ruhr area.
In total, there are 22 power-to-hydrogen plants built. Figure 5.10 compares the installed
capacity of power-to-hydrogen plants with the maximum installable capacity of the corre-
sponding location in a bar plot. The orange bars indicate the maximum installable capacity,
and the blue bars indicate the installed capacity at each node. On the x-axis, the corre-
sponding nodes of the power-to-hydrogen plants are indicated. While Figure 5.10a shows
the capacity of the five largest power-to-hydrogen plants built, Figure 5.10b shows the ca-
pacity of the 17 smaller power-to-hydrogen plants built. Except for the power-to-hydrogen
plants at node 261 and 271, all plants are built with maximum installable capacity. The
power-to-hydrogen plants have a capacity ranging from 1.24MWel up to 750MWel.
A closer look at node 261 with the largest installed power-to-hydrogen plant shows that
here onshore wind power plants are installed with a capacity of 255MWel. This alone does
not explain the installed capacity. Figure 5.9 shows that the power line connecting Sweden
and Germany have a high relative loading. Taking a closer look at node 3, in the upper
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Figure 5.9: Allocation of grid-oriented power-to-hydrogen plants in Germany; the power
lines are represented by the colored lines; the color bar indicates the loading of
the power line in per unit of the maximum line capacity
(a) Five largest power-to-hydrogen plants built (b) 17 smaller power-to-hydrogen plants built
Figure 5.10: Installed capacity and maximum installable capacity of power-to-hydrogen
plants used in a grid-oriented way in Germany
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right corner, representing Sweden shows that here large wind power plants and hydroelectric
power plants are installed.
The optimization case 1 also optimizes the allocation of power-to-hydrogen plants that
supply industrial sites directly with hydrogen. Figure 5.11a shows the optimal allocation of
power-to-hydrogen plants at industrial sites. A total of 78 power-to-hydrogen plants are
built. The plants have an installed capacity in the range of 100 kWel up to 487MWel. All
power-to-hydrogen plants are built with the maximum installable capacity.
(a) Power-to-hydrogen plants at industrial sites (b) Power-to-methane plants
Figure 5.11: Allocation of power-to-gas plants in Germany, Results optimization case 1
The power-to-hydrogen plants are integrated exclusively in MV Grid Districts that also
have industrial sites. The plants are mainly built in the northwest of Germany, where they
take electricity from RES. In optimization case 1, power-to-methane plants are also built.
Figure 5.11b shows the allocation of installed power-to-methane plants. Only one plant is
built in the north of Germany. This plant has a capacity of 112MWel. The constraints
for this optimization are derived from scenario C 2035 of the network development plan.
This scenario assumes a lower methane than hydrogen production. Therefore, only one
power-to-methane plant is built.
To investigate the influence of the temporal distribution of installable capacity, the second
optimization is carried out with the same characteristics for one week in winter. Figure
5.12 shows the results of the optimization for the different power-to-gas plants. Changes
in the allocation of the power-to-gas plants can be observed. In this case, only one power-
to-hydrogen plant is built feeding directly into the gas grid, as shown in Figure 5.12a. The
power-to-hydrogen plant has an installed capacity of 848MWel and is located in the south
of Germany. In winter, there is a higher gas demand and therefore a higher feed-in capacity
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than in summer. Hence, the installed power-to-gas capacity must not be distributed among
several plants.
Figure 5.12b shows the allocation of power-to-hydrogen plants located directly at industrial
sites. A total of 53 plants are built with a capacity ranging from 5MWel to 487MWel.
Like in the optimization case 1 all plants are built with the maximum installable capacity.
The large power-to-hydrogen plants near Hamburg and in Berlin are also built in this case.
However, larger plants are now also located in southern Germany.
Figure 5.12c shows the allocation of power-to-methane plants. Only one plant is installed
with a capacity of 76MWel. The power-to-methane plant is built at the same node as the
power-to-hydrogen plant that feeds into the gas grid. Overall, it can be stated that for the
optimization case considering the winter week a shift of power-to-gas plants to the south
occurs. One reason for this could be the lower outside temperature in winter in the south
than in the north of Germany. This leads to a higher installable capacity in the South. Also,
different amounts of RES fed into the grid are conceivable. A congestion in the power grid
is prevented by the power-to-gas plants. But for reliable statements, the results have to be
examined by further calculations.
The optimization cases 3 to 5 are all carried out for a period of one week in summer. This
enables a comparison of these cases with the optimization case 1.
The optimization case 3 is used to investigate a slightly different scenario for 2035. In
this scenario, it is assumed that in 2035 there is a total of 7GWel instead of 3GWel of
installed capacity of power-to-hydrogen plants in Germany that all feed into the gas grid.
Power-to-hydrogen plants at industrial sites and power-to-methane plants that feed directly
into the gas grid are not taken into account.
Figure 5.13 shows the allocation of power-to-hydrogen plants used in a grid-oriented way
and feeding directly into the gas grid. A total of 27 plants are built. These include 10 plants
with a capacity of 100MWel to 1155MWel and 17 smaller plants with a capacity in the
range of 1MWel to 15MWel. Compared to optimization case 1, more large plants with a
capacity of more than 100MWel are built due to the overall higher total installed capacity in
Germany. Most of the plants are located in the north of Germany. Since power-to-hydrogen
plants at industrial sites and power-to-methane plants feeding directly into the gas grid are
not taken into account the distribution is slightly different. Additional plants are built in
the southwest of Germany.
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(a) Power-to-hydrogen plants feeding into the
gas grid (b) Power-to-hydrogen plants at industrial sites
(c) Power-to-methane plants feeding into the gas
grid
Figure 5.12: Allocation of power-to-gas plants in Germany in optimization case 2
Figure 5.13: Allocation of power-to-hydrogen plants in Germany in optimization case 3
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The optimization case 4 is used to investigate how a higher permitted hydrogen concentra-
tion in the gas grid affects the allocation of power-to-hydrogen plants. For this optimization,
a permitted hydrogen concentration in the gas grid of 15 vol.% is applied instead of 5 vol.%.
Power-to-hydrogen plants at industrial sites and power-to-methane plants are not taken into
account by this optimization. Figure 5.14 shows the allocation of power-to-hydrogen plants
that feed directly into the gas grid.
Figure 5.14: Allocation of power-to-hydrogen plants in Germany in optimization case 4
A total of 18 power-to-hydrogen plants are built, two of which stand out with a capacity
of approximately 850MWel. The other plants have a capacity in the range of 1MWel to
75MWel. The two large plants with a capacity of approximately 850MWel are located in
the north of Germany. As in the optimization case 1, they are operated with electricity
imported from Sweden. The comparison with optimization case 1 shows that fewer but
larger plants are built due to the higher installable capacity per MV Grid District. The
higher installable capacity is achieved by increasing permitted hydrogen concentration to
15 vol.%.
The optimization case 5 is performed without the integration of power-to-gas plants. Figure
5.15 shows the power transmission grid without power-to-gas plants. The arrows indicate
the direction of electrical current and the line color indicates the line loading. It can be
clearly seen that the power lines in the north of Germany are exposed to high loads which
can lead to congestions in the power grid. In the optimization cases that take power-to-gas
plants into account, these plants are built to relieve the load on the power grid.
The optimization case 6 is carried out for a period of a year. In contrast to the previous
optimization cases, the energy system is clustered to 100 nodes instead of 400. The
construction of power-to-gas plants is also considered when optimizing the energy system.
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Figure 5.15: Power transmission grid without considering the construction of power-to-gas
plants
By integrating all three gas buses, power-to-hydrogen plants that feed directly into the gas
grid, power-to-hydrogen plants that are located directly at industrial sites and power-to-
methane plants that feed directly into the gas grid can be built.
Figure 5.16 shows the allocation of power-to-hydrogen plants feeding into the gas grid and
their installed capacity. Two power-to-hydrogen plants with a capacity of 454MWel and
887MWel are built in the north of Germany. While the plant at the node 86 is built with
the maximum installable capacity, the plant at node 50 utilizes just 20% of the maximum
installable capacity. There are several electrical generators located at node 86. Here, the
onshore wind power plants with an aggregated capacity of 6532MWel and the solar power
plants with an aggregated capacity of 1439MWel must be mentioned in particular. There
also exist biomass, coal-fired, gas-fired and waste-fired power plants with a capacity ranging
from 20MWel to 228MWel at this node. Due to the high proportion of fluctuating RES and
the high installable capacity of power-to-hydrogen plants at node 86, a power-to-hydrogen
plant is assumed to be built here. This also avoids congestions in the power grid.
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(a) Allocation of Power-to-hydrogen plants (b) Maximum installable and installed capacity
Figure 5.16: Allocation of power-to-hydrogen plants feeding into the gas grid and their
installed capacity
Figure 5.17 shows the allocation of power-to-hydrogen plants located at industrial sites.
While 5.17a shows the allocation of the plants, Figure 5.17b compares the maximum in-
stallable and the installed capacity of power-to-hydrogen plants. A total of 26 power-to-
hydrogen plants are built directly at industrial sites. The plants are spread across industrial
sites throughout Germany with a capacity of up to 486MWel. Figure 5.17b shows that
most plants are built with the maximum installable power-to-hydrogen capacity of the MV
Grid District.
(a) Allocation of power-to-hydrogen plants (b) Maximum installable and installed capacity
Figure 5.17: Allocation of power-to-hydrogen plants located at industrial sites and their
installed capacity
Figure 5.18 shows the allocation of power-to-methane plants. Only one power-to-methane
67
5 Results and Discussion
plant is built in the north of Germany. The plant is installed with a capacity of 120MWel at
node 86. A comparison with Figure 5.16b shows that the largest power-to-hydrogen plant
feeding into the gas grid is also built at node 86.
Figure 5.18: Allocation of power-to-methane plants feeding into the gas grid
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This chapter addresses the conclusion and gives an outlook on the next measures. The main
component of this work is the determination of spatially and temporally resolved potential
for installing power-to-gas plants in Germany. The potential is calculated based on the feed-
in capacity of the gas grid. For the high spatial and temporal resolution, regionalization
methods and load profiles are applied.
The integration of the installable power-to-gas capacity into the power grid model eTraGo
allows for the calculation of the optimal distribution of power-to-gas plants. Six different
optimization cases are calculated to demonstrate the usability of the determined data. The
optimization cases are based on the scenario C 2035 of the network development plan. This
allows statements to be made about the future expansion of power-to-gas plants, including
the gas grid, with a high spatial and temporal resolution.
The first research question is investigated using all six performed optimization cases. The
influence of the spatial distribution of the installable power-to-gas plant capacity can be
explained using the different levels of installable capacity in the transmission grid and distri-
bution grid. While the maximum installable capacity of power-to-hydrogen plants feeding
into the transmission grid is on average 860MWel per MV Grid District, the maximum
installable capacity of power-to-hydrogen plants feeding into the distribution grid is on av-
erage 1.5MWel per MV Grid District. As a result, power-to-gas plants feeding directly into
the gas grid are mainly built in regions with transmission grid pipelines.
In order to answer the second research question, optimization cases 1 and 2 must be
considered in more detail. Hereby, the influence of the temporal distribution of installable
power-to-gas capacity is investigated. The temporal distribution of installable capacity also
influences the allocation of power-to-gas plants. In optimization case 2, which is carried
out for the period of one week in winter, the power-to-gas plants are increasingly built in
the south of Germany. Due to the lower outdoor temperature in winter in the south than in
the north, there is a higher gas demand and thus a higher feed-in potential for power-to-gas
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plants. More detailed analyses of the results are required for an exact description of the
effect.
The third research question is answered using optimization case 4. Here, the influence of
a higher permitted hydrogen concentration in the gas grid on the allocation of power-to-
hydrogen plants is investigated. A higher permitted hydrogen concentration leads to the
construction of fewer power-to-gas plants but larger ones.
This work shows that the allocation of power-to-gas plants in the energy system strongly
depends on the gas grid. The generated data set of spatially and temporally resolved
installable capacity meets the requirements for the determination of the allocation of power-
to-gas plants. Since the main part of this work is determining the potential power-to-gas
plant capacity based on the gas grid, it is recommended to perform more optimizations in
the future. It is also recommended to carry out the optimization with more nodes for the
period of a year. Thus, the results can be evaluated reliably.
There are some limitations of the data presented. For accurate modeling of the gas grid,
the gas flow must also be considered. Another limitation is how power-to-methane plants
are integrated into the power grid model. Since power-to-methane consists of two process
steps - electrolysis and methanation - such separated modeling is desirable.
The determined data set and the integration of the installable capacity of power-to-gas
plants can serve as a starting point for further investigations. For example, enrichment of
hydrogen in certain gas grid areas can be investigated.
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